ABSTRACT. Repeatability studies on fruit species are of great importance to identify the minimum number of measurements necessary to accurately select superior genotypes. This study aimed to identify the most efficient method to estimate the repeatability coefficient (r) and predict the minimum number of measurements needed for a more accurate evaluation of Brazil nut tree (Bertholletia excelsa) genotypes based on fruit yield. For this, we assessed the number of fruits and dry mass of seeds of 75 Brazil nut genotypes, from native forest, located in the municipality of Itaúba, MT, for 5 years. To better estimate r, four procedures were used: analysis of variance (ANOVA), principal component analysis based on the correlation matrix (CPCOR), principal component analysis based on the phenotypic variance and covariance matrix (CPCOV), and structural analysis based on the correlation matrix (mean r -AECOR). There was a significant effect of genotypes and measurements, which reveals the need to study the minimum number of measurements for selecting superior Brazil nut genotypes for a production increase. Estimates of r by ANOVA were lower than those observed with the principal component methodology and close to AECOR. The CPCOV methodology provided the highest estimate of r, which resulted in a lower number of measurements needed to identify superior Brazil nut genotypes for the number of fruits and dry mass of seeds. Based on this methodology, three measurements are necessary to predict the true value of the Brazil nut genotypes with a minimum accuracy of 85%.
INTRODUCTION
Amazon region is known for the richness of plant species, which have a high potential for use in agriculture and breeding. Among the species, it is worth mentioning the Brazil nut tree (Bertholletia excelsa Bonpl.), belonging to the Lecythidaceae family, which occurs in Brazil in the States of Acre, Amazonas, Pará, Roraima, Rondônia, Mato Grosso, Maranhão, and Tocantins (Mori and Prance, 1990; Lorenzi, 2002) . Brazil nut is one of the most important species of extractive exploration, being considered one of the main non-timber forest products of the Amazon Forest, of great economic importance, mainly for the North and Mid-West Regions of Brazil (Wadt et al., 2008) .
The production of Brazil nut fruits oscillates annually, both at the population level and at the individual level. The variation in fruit and seed production in native forest trees can be attributed to exogenous and endogenous factors (diameter at breast height, crown shape, the presence of lianas, diseases, herbivory, among others) being the climate (precipitation and temperature) one of the main factors responsible for this variation (Kainer et al., 2007) . Tonini and Pedrozo (2014) , studying the annual variations in fruit and seed production in native Brazil nut populations in Roraima, observed that the production varied between populations and individuals and most of the plants did not produce fruits every year. In the year of greatest production, a planting of Brazil nut tree produced 52 times more than in the low years, and total production was concentrated in a small number of individuals. Already Kainer et al. (2007) observed in the State of Acre that when evaluating the annual variation of the Brazil nut fruit production, at the individual level, it was relatively high, and at the general level, it was deficient, showing that in the 5 years of evaluation, in the long term, Brazil nut populations presented relatively constant fruit yield.
In research on perennial species such as Brazil nut, whether in breeding or conservation programs, several assessments are required over its cycle to identify superior individuals regarding the trait of interest. Thus, the dimensioning of the number of measurements has been performed using repeatability coefficients that are fundamental for improving perennial species, since they provide an approximation of the maximum value that the trait heritability in the broad sense needs. Besides, this information is also important to determine the least possible selection cycle, which has a direct impact on the human and financial research resources (Cruz et al., 2012) .
The dimensioning of the number of measurements has been conducted for several perennial crops such as acerola (Lopes et al., 2001) , guava (Degenhardt et al., 2002) , araçazeiro and pitangueira (Danner et al., 2010) , peach (Bruna et al., 2012) , sweet orange (Negreiros et al., 2014) , banana , and Jatropha (Teodoro et al., 2016) . The repeatability coefficient in the Brazil nut was estimated by Pedrozo et al. (2015) and Assis (2016) from the methodology of mixed models. However, there is still little research that evaluates the number of measurements needed to select superior genotypes of the Brazil nut, using multivariate techniques. Therefore, we performed this study to estimate the minimum number of measurements needed for more accurate evaluation of Brazil nut genotypes based on the number of fruits and dry mass of seeds, in addition to identifying the most efficient method to estimate the repeatability coefficients.
MATERIAL AND METHODS
Data were collected in a permanent parcel of nine hectares of native forest, located in the protected reserve area of Fazenda Santo Ângelo (geographical coordinates 11°05'54.0'' 55°02'11.0''W, with an altitude of approximately 380 m), in the municipality of Itaúba, Mato Grosso ( Figure 1 ). The forest is Ombrophilous Dense type, with flat to undulating relief. The climate is Am tropical humid or sub-humid type, with average annual rainfall around 2000 mm and dry period well marked, ranging from 2 to 3 months (Alvares et al., 2013) . Fifty-five Brazil nut genotypes were evaluated in five harvests from 2013 to 2017. Number of fruits and seed dry mass was measured, being counted the fruits fallen on the ground per tree, under the crown projection, throughout the fruit fall period and, from these fruits, we measured the dry mass of seeds per tree, after subjecting them to a forced circulation oven at 65°C, until constant mass. To better estimate r, four procedures were used: analysis of variance (ANOVA), principal component analysis based on the correlation matrix (CPCOR), principal component analysis based on the phenotypic variance and covariance matrix (CPCOV), and structural analysis based on the correlation matrix (mean r -AECOR).
Data were analyzed using ANOVA, where the statistical model adopted considered two factors of variation according to Equation 1: where Y ij is the observation for the i-th genotype for the j-th measurement; μ is the overall mean; g i is the fixed effect of the i-th genotype in the permanent environment; a j is the fixed effect of the temporary environment for the j-th measurement; and ij ε is the experimental error established by the temporary effects of the environment at the j-th measurement of the i-th genotype. The genotypes were clustered using the Scott-Knott test at a 5% probability according to their respective average fruit yield over the 16 years of evaluation, as well as based on the fruit yield obtained each year.
Based on ANOVA, estimates of the mean squared of the measurements, mean squared of genotypes (MS G ), mean squared error (MS E ), and the F-test value for the genotype were obtained. Then, the r was estimated following Equation 2: where η is the number of measurements performed.
The CPCOR method consists of obtaining a correlation matrix between the progenies for each pair of measurements. From this correlation matrix, the eigenvalues and their associated normalized eigenvectors are determined. The eigenvector, whose elements have the same sign and relative magnitudes, is the one that expresses the tendency of the genotypes to maintain, over the years, their relative positions concerning the others (Abeywardena, 1972) . σ is the phenotypic variance (Cruz et al., 2012) . Obtaining r using the AECOR method presents only conceptual differences regarding the methods mentioned above that are based on principal components. Based on the AECOR method, r is given by Equation 5:
in which α is the eigenvector associated with the highest R eigenvalue (Mansour et al., 1981) .
The minimum number of measurements required to predict the actual value of individuals (n) was determined based on a pre-established (80 and 85%) coefficient of determination (R 2 ) using Equation 6: where r is obtained according to either of the different methods mentioned above (Cruz et al., 2012) . The genotypic R 2 , which represents the percentage of certainty for predicting the actual progenies value based on η, was obtained by Equation 7:
For a better interpretation of the results, the number of measurements associated with different R 2 for fruit yield in soursop obtained from each proposed methodology was represented graphically. The statistical data analyses were performed using Genes (Cruz, 2013) and Microsoft Excel ® . Table 1 expresses the summary of analysis of variance for the number of fruits and dry mass of seeds evaluated in 75 Brazil nut genotypes during five measurements. The significant effect of genotypes reveals the presence of genetic variability in the population and the possibility of selecting genotypes to increase fruit yield. The F-test also revealed a significant effect for measurements, which indicates that there has been a change in the mean of the genotypes over the years. These results are similar to those obtained for other perennial crops (Lopes et al., 2001; Degenhardt et al., 2002; Danner et al., 2010; Bruna et al., 2012; Negreiros et al., 2014; Lessa et al., 2014; Teodoro et al., 2016) and reinforce the need to study the minimum number of measurements to select superior Brazil nut genotypes for a productive increase. The Scott-Knott test clustered the 75 Brazil nut genotypes in three homogeneous groups for the number of fruits and two for the dry mass of seeds ( Table 2) . The genotypes 29, 33, and 60 constituted the group with the highest mean for some fruits over the measurements, besides belonging to the group with the highest dry mass of seeds. These results suggest that these genotypes can be used as matrices for formatting base populations since they are sources of favorable alleles for the productive traits. Thus, these genotypes are promising for future genetic breeding programs, conservation and to be used in the species propagation, either in the production of seedlings or grafting. , 9, 16, 18, 24, 27, 29, 31, 33, 40, 43, 46, 48, 49, 50, 56, 59, 60, 62, 65, 66, 68, 69, 71, 73, 74, and 75 13.57 II 2, 9, 16, 18, 24, 27, 31, 40, 43, 46, 48, 49, 50, 56, 59, 62, 65, 66, 68, 69, 71, 73, 74, and 75 129.70 1, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 17, 19, 20, 21, 22, 23, 25, 26, 28, 30, 32, 34, 35, 36, 37, 38, 39, 41, 42, 44, 45, 47, 51, 52, 53, 54, 55, 57, 58, 61, 63, 64, 67, 70, and 72 3.20 III 1, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 17, 19, 20, 21, 22, 23, 25, 26, 28, 30, 32, 34, 35, 36, 37, 38, 39, 41, 42, 44, 45, 47, 51, 52, 53, 54, 55, 57, 58, 61, 63, 64, 67, 70 , and 72
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It is possible to verify in Figure 2 that the number of fruits was higher in the first three measurements, while the dry mass of seeds was higher in the first and third measurements. These results indicate a cyclical behavior among the Brazil nut genotypes for these traits and suggest caution for selecting superior genotypes. However, when we analyze the repeatability coefficient (r) and the coefficient of determination (R 2 ) contained in Table 3 , we verified that the estimates are close to or above the reliably established limits -r ≥ 0.40, R 2 ≥ 0.75 -proposed by Bergo et al. (2013) and Oliveira and Moura (2010) , respectively. These results indicate that the significance of the factor measurements did not cause serious changes in the ranking of the best genotypes over the years, even though there was a cyclical behavior for both traits. The estimates of r by ANOVA were lower than those observed with the principal component methodology and close to the structural analysis (Table 3 ). The principal component methodology based on the covariance matrix provided the highest estimate of r, which resulted in a lower number of measurements needed to identify superior Brazil nut genotypes for the number of fruits (Figure 3 ) and dry mass of seeds (Figure 4 ). Based on this methodology, three measurements are required to predict the true value of the Brazil nut genotypes with a minimum accuracy of 85% ( Table S1 ). The other methods used suggest the use of at least four measurements for predictability of 80%. As the coefficient of determination (R 2 ) increases, a principal component methodology based on the covariance matrix becomes even more efficient, indicating the need for a smaller number of measurements concerning the others. Table 3 . Estimates of repeatability coefficient (r) and coefficient of determination (R 2 ) for the number of fruits and dry mass of seeds in 75 Brazil nut genotypes over five measurements. A significant effect of the measurement factor suggests that these can be affected by regular, irregular, or systematic physiological changes. As this effect can vary in different ways and intensities among the Brazil nut genotypes, ANOVA does not make it possible to isolate this factor, which has its effects mixed with the experimental error. This leads to low estimates of repeatability and high estimates of the number of measurements required. In this case, principal component method, which considers the cyclic trait behavior, is the most recommended to estimate r with greater accuracy. This is because, with this methodology, the eigenvector is the one that expresses the progeny tendencies to maintain their relative positions in the measurement periods (Abeywardena, 1972; Cruz et al., 2012) .
Similar results have been reported on other perennial fruit plants that also expressed cyclic behavior, such as acerola (Lopes et al., 2001) , guava (Degenhardt et al., 2002) , araçazeiro and pitangeira (Danner et al., 2010) , peach (Bruna et al., 2012) , sweet orange (Negreiros et al., 2014) , and banana , in which the methodology based on principal components provided the highest estimates of r and R. Pedrozo et al. (2015) estimated repeatability coefficients based on two-trait mixed models of Brazil nut production in Roraima. The number of fruits per plant and the fresh weight of seeds were evaluated in two native forest populations, for 5 and 8 consecutive years, in 51 and 85 adult trees, respectively. Repeatability coefficients were low for both the number of fruits per plant and the fresh weight of seeds, which led to the need for 9 years of evaluation to select the higher plants. In Acre, Assis (2016) also estimated repeatability coefficients for the Brazil nut based on mixed models. The study was conducted in two permanent plots, evaluating the number of fruits per plant from 140 and 175 Brazil nut trees, over the period of 13 and 6 years, respectively. Repeatability coefficients were considered moderate and high, respectively, for both populations and, considering a coefficient of determination of 90%, would be necessary for the two populations 7 and 6 years, respectively, of evaluation of the number of fruits per plant for selecting superior genotypes.
Thus, due to the results obtained and its consistency with published research, it is recommended to use at least three measurements to identify superior Brazil nut genotypes regarding the number of fruits and dry mass of seeds.
